Swimming stability is essential to a bionic robotic fish which is aiming to be applied to practical application. The stability can be controlled through two kinds of methods, the passive control method and the active control method. The latter one performs more flexibility. Forces of disturbance caused by movements of the bionic pectoral foils and the horizontal tail of a bionic fish imitating cownose ray propelled by oscillating paired pectoral foils are analyzed. Simulation model based on both PID method and fuzzy control method for the stability performance of the bionic fish in condition of compensating work by horizontal tail or not are built. Results show that the stability of the bionic fish can be obviously improved by actively control of the horizontal tail.
INTRODUCTION
Fish propelled by oscillating paired pectoral foils occupies excellent stability and maneuverability (Harris 1938; Rosenberger 2001; Suzuki et al. 2007; Webb 2002) . Cownose ray is a typical fish occupying these features (Parson 2011) . Some researchers and engineers have been trying to understand the swimming mechanics and to explore the bio-inspired methodology in the design and development of bionic underwater vehicles mimicking this kind of fish (Cai et al. 2010 and Chen et al. 2011; Elizabeth 2011; IMAE 2012; Wang et al. 2009; Xu et al. 2007; Zhou and Low 2010) . As for applications of bionic robotic fish, especially for underwater detection and observation, the ability of stability performs an essential role (Anderson and Chhabra 2002; Hu et al. 2006; Sefati et al. 2012; Wang et al. 2005) . Some extent of additional forces will be generated by the oscillating fins when they generate effectual propulsion force by interacting with the coming flow. However, the additional forces have negative effects on swimming stability of bionic robotic fish as they usually pointing to other directions than the useful driving force.
Swimming stability of the robotic fish is essential to the effective propulsion force generation from bionic flapping foils. The swimming speed of a bionic fish propelled by tail fins will be reduced to only 1/3 of the normal, on condition that the yawing motion is not controlled properly, for the movement of flapping fins is weakened and distortion (Wang et al. 2005) . The movement mode of fish with paired pectoral foils is different from the ones propelled by tail fins, which can provide better stability. Distance between the gravity center and the propulsion part of the bionic fish utilizing BCF type is large compared with its body length. An obvious yaw motion will be suffered by only small lateral force usually. As for the propulsion parts of bionic fish utilizing MPF type, oscillating paired pectoral foils, are much closer to the gravity center comparatively. Therefore, the additional force generated has limited impact on the stability performance. But, for the same kind of bionic fish mimicking cownose ray, some research have attained the results that the pitching angle must be strictly controlled to within a small range, otherwise the hydrodynamic resistance will increase dramatically and the propulsion efficiency will be reduced (Wang et al. 2005) . As a whole, the stability of a bionic fish is essential to its desired performances with high efficiency and high speed as its biomimetic samples in nature. The stability can be improved through optimization of mechanical design and making effective utilization of assisted movement of other functional parts of bionic prototypes developed. Importance of the stability is realized by researchers focusing on studying bionic robotic fish and some research have been carried out either by simulation or experiments (Wilson and Eldredge 2011; Xu et al. 2012; Yu et al. 2012 motions with low-amplitude of its tail are used to keep its body with stability. Effect of the tail part of cownose ray is similar with combined work of rudder and elevator of fix-wing aircraft. Therefore, the simulation and control of the bionic fish propelled by oscillating paired pectoral foils discussed in this paper are realized by a flat elevator mounted on the tail part of the bionic fish.
There are two kinds of methods to control stability of the bionic fish: one is natural stability or static stability, the other is controlled stability (Sun 2011) . The underwater vehicle can recover to stable state when suffered by external interference, if it occupies ability of static stability. In condition that the underwater does not occupy this ability or the static stability does not work well, the method of controlled stability should be added to enhance the stability performance. Requirements of design will be reduced by utilizing method of controlled stability.
BASIC SETTINGS
The coordinate system set as shown in Fig. 2 is utilized in calculation and constructing the simulation model. The original point is set at the gravity center of the body of the bionic fish, x-axis is coincident with the central body axis and point to the head, y-axis is perpendicular to x-axis in middle horizontal plane and pointing to right and z-axis is decided by the law of Cartesian coordinate system.
Figures 2: Coordinate System of the Bionic Fish
The settings shown in Fig. 3 are utilized here to analyze the pitching movement caused by the flapping pectoral foils and the horizontal tail of the bionic fish. When the angle generated is minus or the elevator swing downward, the torque generated will make the head of the bionic fish lower or diving; otherwise the angle is positive, the torque generated will make the head of the bionic fish higher or up-floating. 
DISTURBANCE BY PECTORAL FOIL
To estimate the disturbance caused by the movement of the flapping foil qualitatively, the calculations of the disturbance force and torque are simplified here. The disturbance torque is mainly caused by the inertial force and fluid force caused by the flapping movement of the pectoral foils. Supposing the pectoral foils flap according to the discipline of:
where ∅ is the flapping angle of the pectoral foil, ∅ is amplitude of the flapping angle and is the angle velocity.
Then, the inertial force generated by a finite element on the pectoral foil can be calculated as:
Resolution of the inertial force along y-axis and z-axis is:
As the two pectoral foils are flap symmetrically, components of the force and torque along y-axis generated by the two pectoral foils are with equal value but opposite direction. The overall inertial torque generated by one pectoral foil is:
where ∬ is product of inertia about x-axis and y-axis.
The lift generated by the flapping foils is consistent with sinusoidal function as the sinusoidal motion employed by the flapping pectoral foil, as:
where is the maximum value of the lift force, and is defined by the frequency, amplitude, velocity of incoming flow and flexibility of the pectoral foil.
Then the pitching moment by a single pectoral foil is:
where is the distance between the lift force application point and the y-axis. As the two pectoral foils flaps symmetrically, the overall disturbance moment can be calculated by:
where:
Then the differential equation of the pitching disturbance is
where = + is the maximum value of the disturbance moment. Therefore, the pitching disturbance can be taken as vibration of a second-order damping system under harmonic excitation. The steady-state response of the second-order damping system is considered mainly in the simulation here.
The pitching disturbance is mainly affected by two factors: (1) the disturbance moment generated by the flapping pectoral foil. The frequency of the disturbance moment will be consistent with the flapping frequency and the amplitude of the disturbance moment will increase with the flapping frequency and amplitude. (2) the natural characteristics of the pitching system. Based on the analysis presented, the pitching disturbance movement can be controlled by minimized the moment generated by the flapping motion of the pectoral foil.
The method can be obtained by applying the following methods: (1) Utilizing materials featured with less density and more flexibility to lower inertial force and further lower the disturbance (Wilson and Eldredge 2011) . (2) Reducing the frequency and amplitude of the flapping motion, which will make the swimming velocity be reduced too. (3) Improving the structure of the bionic fish to reduce the distance between the lift application point and the center of gravity, which is mainly relied on the realization of practical swimming function. (4) Changing the natural characteristics of the pitching movement system of the bionic fish, including the equivalent moment inertia, the equivalent damping and equivalent rigidity. Although these methods can lower the pitching disturbance, realizing these methods in practical development of a real bionic fish is complicated and difficult. Therefore, a better method to improve stable ability is to make use of additional parts, such as horizontal tail mounted on the tail part of the bionic fish, to auxiliary control the pitching disturbance timely.
DISTURBANCE BY HORIZONTAL TAIL
As shown in Fig. 2 , supposing the pitching angle is during straight forward swimming of the bionic fish, torques relative to the gravity center will be generated by the body and the horizontal tail in this condition. Both torques generated by the body and the tail are analyzed through a same method. The flow around the tail will be infected by the body. Under action of viscous effect of the body, the speed of the flow over body will be lower. Generally, the velocity coefficient is set as , so the flow velocity at the tail part is (Fang 2005 ):
Considering the disturbance pitching angle is actually small and swimming velocity of the bionic fish we developed propelled by oscillating paired pectoral fins is much lower than its bionic sample, about 0.7 times of its body length per second, the induction effect on the flow direction is omitted here. The horizontal tail is put on the middle section of the tail part of the body, in condition of zero lift generation the attack angle will be zero too:
The lift generated by the flat tail will be
where C w is the lifting line slope of the horizontal tail, S w is the effective cross-section area of the flat tail. As shown in Fig. 3 , supposing the application point of the force generated by the flat tail is O lw , and the distance between the application point and the gravity center is x glw , then the pitching torque will be M = −(0.5 cos ) .
During the swing motion, resistance of the horizontal tail can be analyzed as follows. Set as the rotational angle velocity, then the additional velocity at the force application point is
The variation of average attack angle of the horizontal tail is
On condition that the additional velocity raised by disturbance is far less than the flow velocity, ≪ , the equation (17) can be simplified to:
The relative increment of the lift is
Then, increment of the pitching torque is
This torque generated will prevent the pitching motion of the bionic prototype. A new parameter k t is introduced here to give a unified form of the overall damping coefficient of the entire bionic prototype:
where value of k t is usually 1.1~1.25 in this kind of calculation.
Depending on equation (19) to equation (21), the overall torque generated by the horizontal tail can be expressed as:
Parameters k t1 and k t2 are set as:
Then the overall torque is
When the bionic fish swims horizontally and the tail elevator is controlled to swing at angle , the additional lift generated by the tail elevator is
The additional torque applied to the gravity center:
Through kinematic analysis of the propulsion system by oscillating pectoral foils and considering the angle caused by the disturbance is very small, therefore sin ≈ and cos ≈ 1 are obtained. Then:
is obtained, where is the pitching moment of inertia, ∆ is the additional pitching moment of inertia caused by the acceleration of the flow around the bionic robotic fish. Taken the torque generated by the flapping foils as part of disturbance torque, the control equation of pitching movement can be derived as:
As can be seen from the above equation, when the horizontal tail swing an angle of , it is equal to a step input to a second-order damped pitching system. The system will perform a step response based on this, which is the balance attack angle α relative to the swing angle of horizontal tail when it is in equilibrium state. Therefore, the horizontal tail can be actively controlled to enhance stability of the bionic fish, especially during straight forward swimming. Validity of the control method for enhancing stability through controlling horizontal tail will be verified by simulation in this paper.
SIMULATION MODEL
It can be observed from the former analysis that a compensating torque ofwill be generated, when the horizontal tail is controlled to swing a angle of . If the torque can be controlled to balance the disturbance torque generated by the flapping pectoral foils, the destabilization affecting swimming performance will be reduced and the stability can be enhanced.
Taking the disturbance torque and the compensating torque by the horizontal tail as an input torque , then after Laplace transform, the following equation can be derived:
Then, the transfer function of pitching movement of the bionic fish is:
where is the equivalent moment of inertia, is the equivalent damping of the system, and is the equivalent stiffness.
Stability of many underwater devices and ships are controlled by classical proportional-integral-derivative (PID) controller for its simple control architecture (Smallwood and Whitcomb 2004; Sun 2011; Tang et al. 2012) . The control architecture for enhancing stability of bionic fish propelled by oscillating paired pectoral fins here is shown in Fig. 4 , which is simulated in MATLAB to verify the performance of the control method for compensating stability. The characteristics of the servo used is . The simulation diagram constructed by Simulink is shown in Fig. 5 . In the simulation, value of coefficient of the servo, , is 0.98, value of amplification coefficient of the damping torque is 1.15, and other parameters are estimated from the model of the bionic robotic fish. Finally, the coefficients in equation (31) can be derived as:
= 0.408 ,
= 0.64 + 2.2 .
Results of underwater experiments carried on the bionic fish prototypes have shown that the vertical disturbance of the bionic fish increases as the frequency and amplitude of the flapping movement of the pectoral foils increased. Therefore, if the disturbance amplitude can be controlled to be in an acceptable range in condition of the maximum disturbance caused by the flapping foils, the control method can be applied to other conditions successfully, for the overall disturbance of the bionic fish will be smaller in other conditions.
The maximum flapping frequency of the bionic pectoral foil is 2 Hz, the maximum flapping amplitude is 30º, and the relative swimming velocity is about 0.5 m/s in this condition. The transfer function can be calculated based on these values. Variation of the transfer function shown in Fig. 5 is caused by the output is based on degree.
The fuzzy logic control method can mimic control by human to some extent, which is more adaptive to the practical control system (Lee et al. 2012; Wen et al. 2012 ). The two-dimensional fuzzy controller is introduced to the control system aiming to improving the simulated stability of the bionic fish, which is shown in Fig. 6 . The fuzzy controller is constructed by:
(1) The input and output variables: the errors between the actual pitching angle and the desired pitching angle ER, variation of the errors EV are set as the input variables; swing angle of the horizontal tail, A, is set as the output variable.
(2) The fuzzy subset of variables ER, RV and A: minus large, minus middle, minus small, zero, positive small, positive middle and positive large, which can be described by {ML, MM, MS, ZE, PS, PM, PL} , the universes of ER, EV and A are {-3, -2, -1, 0, 1, 2, 3}, {-3, -2, -1, 0, 1, 2, 3} and {-4.5, -3, -1.5, 0, 1.5, 3, 4.5} respectively. The quantization factors of EC and EV are K EC =1, K EV =1, and scale factor of the output angle is K α =5.
(3) The fuzzy control rule table is constructed based on the following rules: a) If the error of the pitching angle is ML and the error variation EV is also ML, which means that the pitching angle is large and is still becoming larger, then the swing angle of the servo is controlled to be ML; b) If the error of the pitching angle is ML and the error variation EV is PL, which means that the pitching angle is large but is becoming small, then the swing angle of the servo is controlled to remain unchanged, ZE actually. C) If the pitching angle is PL and the EV is ML, which means that the pitching angle is large but is becoming small, then the swing angle of the servo is controlled to remain unchanged, ZE too. Other control rules are constructed with the similar way. The final fuzzy control rule table is shown in Table 1 . 
SIMULATION RESULTS
Without the compensation of the horizontal tail, variation of the pitching angle of the bionic fish is shown in Fig. 7 , when it employs the flapping frequency of 2 Hz and flapping amplitude of 30º and there are no effects of incoming flow. As can be observed from the figure, variation frequency of the pitching motion is consistent with the flapping frequency of the pectoral foil, for the variation is mainly caused by the movement of the pectoral foil. The variation amplitude is about 5º after the state is steady.
Figures 7: Disturbance without Compensation of the Horizontal Tail
A better condition of disturbance performance is achieved by compensation movement of the horizontal tail being added, which is shown in Fig. 8 . The variation amplitude has been lower to 0.9º, which means that the stability of the bionic fish is improved obviously.
Figures 8: Disturbance with Compensation of the Horizontal Tail
In order to verify the performance of controlling pitching disturbance of the bionic fish by horizontal tail, under condition of flow variation, a random disturbance source is put into the simulation diagram, as shown in Fig. 5 . The simulation results are shown in Fig. 9 and Fig. 10 . Comparing the results, the compensation effect of the horizontal tail is still working well, as the pitching variation amplitudes are controlled to be approximately within 2º, whereas the simulation results shown in Fig. 9 display a much larger approximate vibration range of 10º without performance of horizontal tail. 
CONCLUSION
Researchers have been focused on developing prototypes of bionic fish propelled by oscillating paired pectoral foils to possess attractive features of their natural samples, such as high speed, high efficiency and low noise. The stability is one of the important factors to realizing these objectives. The main causes of disturbance are raised by variation of the lift force generated by the flapping pectoral foils, which cannot be reduced obviously by optimization of the structures and movement characteristics of the bionic fish, for the object of keeping the bionic fish with desired swimming velocity. Therefore, the method of enhancing stability by auxiliary work of the horizontal tail that is mounted for realizing movements of up-floating and diving. The PID method and fuzzy logic control method are introduced in the simulations of control performances. The simulation models are constructed by Simulink and parameters utilized in the simulations are determined by characteristics of the bionic fish, including characteristics of the servos used. A white noise is added to the simulation models to mimic variation of the incoming flow.
Simulation results show that with auxiliary work of the horizontal tail, an improved performance of pitching disturbance can be obtained. The disturbance pitching angle can be controlled within a range of -1º to 1º without influence of incoming flow with auxiliary work of horizontal tail. The variation of the incoming flow has great effect on stability performance of the bionic fish, for a wide range of pitching angle of -10º to 10º in stable state has been observed in condition of a white noise being introduced even with adjusting compensation of the horizontal tail. Whereas, controlling the swimming motion of the horizontal tail by fuzzy logic method provides a way to solve this problem. The fuzzy control rules are constructed based on the common two-dimensional controller. The disturbance pitching angles can be restricted within a range of -0.5º to 0.5º even encountered incoming flow, actually a white noise in the simulation model.
The PID control method and the fuzzy logic control method presented in this paper will be further applied to the bionic fish prototype to verify its practicality and improved based on the experimental results.
